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INTRODUCTION
This is the final report of Argonne National Laboratory's (ANL's) Advanced Reciprocating Engine Systems (ARES) project on the development of advanced sensors for real-time combustion monitoring of advanced natural-gas reciprocating engines. The project is funded by the Department of Energy (DOE), Office of Power Technology. The proposed development includes sensors to measure NO x emissions and natural-gas composition. Both sensors are needed to optimize engine combustion and reduce NO x emissions. Optimization can generally be achieved by adjusting the natural-gas/air ratio to control NO x emissions.
The project originally proposed four tasks: (a) develop an ion-mobility spectrometry (IMS) NO x emission sensor, (b) develop an acoustic natural-gas sensor, (c) develop a real-time combustion control system, and (d) field test sensors and control systems. To date, only tasks a and b have been accomplished; results are presented and discussed in this report. Section 2 of this report describes the IMS sensor and Section 3, the acoustic natural-gas sensor. In section 4, we provide our technical assessment of both sensors and suggest future development that will lead to field prototypes.
ION-MOBILITY SPECTROMETRY SENSOR
In this section, we present the basic sensor design, operating principle, and results of laboratory tests to determine the capability of the IMS sensor to detect NO x . We also briefly describe other NO x sensor technologies, their performance, and suggested applications.
The exhaust of a typical ARES engine is composed of 490 ppm methane (CH 4 ), 10 ppm ethane (C 2 H 6 ), 200 ppm nitric oxide (NO), 300 ppm carbon monoxide (CO), 150 ppm hydrogen (H 2 ), 5% carbon dioxide (CO 2 ), and 10% water and nitrogen. Therefore, the NO x sensor for ARES engine exhaust must consider potential cross sensitivity due to the presence of reducing gases such as CO and H 2 and potential interference from other gases, especially water.
Background
Nitric oxide and CO are the primary emissions of concern from combustion engines. In air and under sunlight, they interact with oxygen to form NO 2 and O 3 , which are the major air pollutants released into the environment. Under the clean-air act, both emissions must be maintained at a very low level. Therefore, in-line sensors are needed to measure the emissions and provide feedback control of either the fuel/air ratio or the NO x reduction process. A NO x sensor has been the most active research topic in sensor technology. The ideal NO x sensor that will ultimately be used by ARES or the automotive industry must be low cost, high sensitivity (ppm), sustainable in a harsh environment (high temperature, >500°C, flow rate, and humidity), and reliable.
To date, monitoring and detection of gas species are mainly achieved with semiconductor sensors. Commonly used semiconductor materials are oxides of metals such as zirconium (ZrO 2 ), [1] tungsten (WO 3 ), [2] and tin (SnO 2 ) [3] . These sensors have been applied primarily to the detection of oxygen, and their principles of operation rely on measuring either resistance change (SnO 2 ), conductance (WO 3 ), or current/voltage change (ZrO 2 ) across the semiconductor. Applications of these sensors to NO x measurement have been examined. Both WO 3 and SnO 2 sensors show good sensitivity to NO x at relatively low temperatures (200-300°C) when compared with ZrO 2 sensors that operate at a temperature above 500°C. In general, typical problems of metal oxide sensors are poor sensitivity, nonlinear response, long-term drift, and slow response/recovery time. To improve sensitivity and selectivity, dopants are often introduced [4, 5] . Array sensor design [3, 6] has also been investigated for reducing cross sensitivity problems.
Other metal oxide thin films under investigation for NO x sensing [7] , similar to sensors that use conducting organic thin films [8] and carbon nanotubes [9] , are still in the early stage of development. Today, the most versatile semiconductor sensor for detecting NO x emission is perhaps the ZrO 2 -based sensor. An oxygen-detecting yttria-stabilized zirconia (YSZ) sensor is basically a potentiometric Nernst cell for oxygen detection that operates at an elevated temperature and measures the voltage across two electrodes. The measured voltage is directly related to the partial pressure of oxygen. The cell can also be operated as an electrochemical oxygen pump by applying a voltage across the cell electrodes. Because of these two operations, a YSZ cell can be modified to become a NO x sensor. One of the modified sensor designs consists of a single closed-end YSZ tube. Two materials, a spinel-type oxide [10] and platinum, are used for the sensing and reference electrodes, respectively. Use of CdCr 2 O 4 as the sensing electrode showed a lower detection limit of ≈20 ppm for NO 2 and 30 ppm for NO at 500 and 550°C, respectively. The cross sensitivities of this sensor to H 2 , CO, CH 4 , and CO 2 are small but the cross sensitivities between NO and NO 2 are significant. Therefore, various strategies for measuring total NO x have been suggested [11] . In all, YSZ-based sensors for measuring NO x show some promising characteristics but they still suffer from low operating temperature (500 vs. 700°C), slow response time, and long-term drift.
The ion-mobility spectrometer has been demonstrated to be a low-cost and fast-response gas sensor [12] that can be used in high-pressure and high-temperature environments. It measures the drift velocities of molecular ions, positive or negative, in a drift tube. The drift velocity depends on the size of the ion and the type of buffer gas present in the drift tube. In principle, if all of the interactions that occur between ions and molecules in the drift tube were known, the ion-mobility spectrum would be the fingerprint of the ion being measured. The drift time could be used for ion speciation and the peak amplitude could quantify the ions. However, in practice, ions often form clusters that complicate the IMS spectrum. Furthermore, the IMS spectrum also depends on buffer-gas composition, pressure, temperature, and flow rate. Therefore, the IMS spectrum may be difficult to interpret and may require calibration data for its application in identifying ions.
In an earlier project, we developed an IMS sensor for detecting hydrocarbons (HCs) [13] . The prototype IMS, which uses a 63 Ni β source, was built and tested. Positive ions of various HCs were measured. Results showed that the sensitivity of the IMS sensor was adequate to detect most HCs; however, significant interference from water vapor and poor reproducibility were observed. The IMS was also used to detect NO x by operating it in a negative-ion mode. Results obtained with the radioactive ion source showed that the sensitivity of the IMS in detecting both NO and NO 2 was high, and both the drift time and amplitude were functions of NO x concentration [14] .
Under this project, we focused on developing a practical NO x sensor based on the IMS technique. The targeted sensor must use a nonradioactive ionization source and operate under ambient conditions. A corona/spark discharge ionization source with a simple needle-metalcylinder geometry was investigated. Preliminary results show that better sensitivity is obtained in spark-discharge than in corona-discharge mode of operation, and the primary negative ion detected is the negative NO 2 ion. The results were summarized in an earlier technical report [15] in which we identified several technical issues that must be examined before the IMS sensor can be used in the natural-gas engine exhaust environment. These issues include effects due to water vapor, drift time ambiguity, and complexity of the ion-molecule chemistry due to variations of the exhaust-gas composition. This report addresses primarily these issues. Figure 1 shows the basic design of the laboratory prototype IMS sensor. It consists of the corona discharge ionization source, a drift tube, and an ion detector. A shutter grid placed between the ionization source and the drift tube functions as the ion extractor. Gas is introduced directly into the ionization source and the ambient air or carrier gas is used as the buffer gas for most tests. Ions are formed through either direct electron bombardment or reactions between ions and molecules inside the ionization source. Product ions are then extracted into the drift tube and move down the tube to the detector in a uniform electric field. The ion drift velocity, a measurable quantity of IMS, is influenced by the applied electrical field (E) and the ion concentration gradient (∂n/∂x) [12] . To include only the linear terms, the drift velocity is given by
IMS Design and Operating Principles
where n is ion concentration, D the diffusion coefficient, and K the ion mobility. The diffusion term is generally very small, especially under ambient conditions. Thus, the ion drift velocity provides a direct measure of ion mobility. The mobility of an ion in the drift tube is determined by the ion-neutral collisions. Based on classical mechanics, the ion mobility can be given as
where µ is the reduced mass of ion and buffer gas, T eff = T + MV 2 /3k (M is molecular weight of the buffer gas), and Ω(T eff ) is the total scattering cross section (= πd 2 , where d is the sum of the radii of the ion and the neutral molecule). Conceptually, different ions have different mobilities in the same medium. But, just as mass spectrometry determines the charge/mass ratio, the ion mobility determines the quantity of q/µ 1/2 Ω. As the mass of the ion becomes much larger than the mass of the drift gas molecules, the measured mobility will be independent of the ion mass but totally controlled by the average collisional cross section of the ion and the drift gas. On the other hand, for a series of atomic ions in the same neutral gas, Ω is nearly constant, and the mobility is determined by the reduced mass, assuming q is fixed. In the case when the neutral buffer gas is a gas mixture, the mobility of an ion can be approximated by Blanc's law [16] , given as
where X J represents the mole fraction of the jth gas. Figure 2 shows a photograph of the laboratory prototype. It consists of (from left to right) a corona/spark discharge ionization source, an ion drift tube, and a Faraday plate. The geometry of the ionization source assembly is that of a needle/steel-cylinder. The drift tube is a glass tube, 0.625 inches in diameter and 2.5 inches long. The glass tube is embraced by a series of steel guard rings separated by Teflon rings and resistors. This arrangement establishes a uniform electrical field that accelerates the ions. To detect NO x , the IMS is operated in the negative-ion mode. The steel cylinder is biased with a negative voltage so that negative ions are confined in the ionization cell until the shutter grid opens. Ion signals are detected by the Faraday plate, amplified by a low-noise, low-current preamplifier (Stanford Research Systems SR570) and processed by a 16-bit, 100 kS/s digitizer (National Instrument AT-MIO-16E-10). Typically, 100 averages were used for each ion spectrum of 80 ms scan time, which provided a total sensor response time of eight seconds. Table 1 lists the specific design parameters and typical operating conditions of the IMS sensor. Laboratory tests designed to evaluate the prototype performance cover mainly the negative corona/spark discharge mode of operation. The negative high voltage to the discharge needle was supplied by a Bertan Associates power supply (series 225), which also measures the current from the needle to the cylindrical shell. Resistors with a total resistance of 2 MΩ were inserted between the power supply and the needle to limit the current to the needle. Test and carrier gases were acquired from AGA Specialty Gas. Gases used in this work are 
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Results and Discussion
Use of a corona discharge ionization source for IMS has been the main interest in recent IMS development [17, 18] . Aside from radioactive-material safety issues, the corona discharge ionization source provides better signal-to-noise ratio than the 63 Ni source. Furthermore, it may be easier to integrate the corona source into the design of a miniature IMS. However, the ionization chemistry is believed to be more complex for the corona discharge than the 63 Ni source. It has also been reported [18] that, because of the formation of NO 2 − , which quenches the formation of other product ions, the corona discharge ionization source is not a replacement for the 63 Ni source in the negative mode of IMS. Inasmuch as our interest is in the detection of NO x , IMS with a negative-mode corona discharge ionization source may be ideal. Based on ionmolecule chemistry, the basic energy requirement for forming a negative molecular ion is determined by the electron affinity (EA) of the molecule. The EAs for the negative NO and NO 2 ions are ≈0.02 and 3.91 eV, respectively [12] . Therefore, the electron-impact ionization process is likely to produce both negative NO and NO 2 ions, but the NO 2 ions are thermodynamically more stable. Furthermore, in a plasma, a neutral NO molecule may be oxidized to NO 2 , especially, in the presence of hydrocarbons [19, 20] . It is, therefore, possible to estimate the total NO x emissions by simply measuring NO 2 concentrations.
In general, the IMS sensor operates under vacuum and at elevated temperature [21] , typically a few hundreds of torr in pressure in the drift tube and 100-200°C. Both pressure and temperature affect the IMS spectrum. At low temperature and high pressure, such as the ambient conditions, the IMS peaks are either very broad or move as the concentration in the drift tube changes. However, providing for vacuum and heating arrangements will further complicate the IMS sensor design. The tradeoff by operating in ambient conditions will be poor resolution and stability. In this report, we summarize test results obtained with a simple and practical IMS sensor operating under ambient conditions.
Corona/Spark Discharge Ionization Source
The ionization cell adopts basically a needle-shell design. The needle is insulated from the shell with a plastic tube and the tip of the needle faces the shell surface. In effect, the discharge arrangement is of needle-plane geometry. The gap between the needle and the shell plane was ≈0.25 cm. Figure 3 shows the current through the needle as a function of applied negative voltage for ambient air and 100 cm 3 /min dry nitrogen flow. In ambient air, the discharge remained in corona discharge mode. But, with dry nitrogen flow, it turned into spark discharge even at -3.0 kV. The spark arc was clearly visible under daylight. The color of the arc varied with the flow composition; specifically, when the flow contained moisture, the color shifted to red. We found that spark discharge occurred when current suddenly jumped >0.5 mA. In both corona and spark discharges, a peak was detected when a NO x /carrier gas mixture was introduced. shows the IMS spectra obtained under corona and spark discharges for simulated exhaust gas. The spectra clearly show that spark discharge (0.8 mA of current) produces a sharper peak than corona discharge (0.1 mA of current), and there is a significant drift time difference between the two peaks. The difference in drift time generally indicates that different negative ions are produced by the two discharge modes. However, in Fig. 4 , we also show a spectrum of ambient air under corona discharge. This spectrum shows a peak at a drift time close to the simulated exhaust-gas peak produced under the same mode. The phenomenon implies that negative ions are produced by differing mechanisms: direct electron bombardment to produce O 2 − or O 3 − under the spark discharge mode and surface ionization to form the negative ions, which may contain heavy molecules evaporating from the needle surface under the corona discharge mode. Therefore, development of a negative-ion peak may strongly depend on the surface conditions and temperature of the needle and the metal shell. Even under spark discharge mode, we found that it took several minutes after the ion source was turned on for the negativeion peak to reach an equilibrium drift time. Figure 5 shows the peak evolution, a trend from high to low drift time, indicating gradual reduction in ion size. In general, we have found that the spark discharge mode of operation gives a better signal-to-noise ratio than the corona discharge mode. Thus, we present mostly spark-discharge results in this report. . Negative-ion spectra produced by corona discharge in air (---) and simulated exhaust gas (----) and by spark discharge in simulated exhaust gas (). Amplitude, V (2nA/V) Time, ms Figure 5 . Evolution of negative-ion peak (from high, -o-, to low, -∆-, drift time) produced under spark discharge mode after ion source is turned on.
Flow Effects
Because our IMS sensor is basically designed for ambient operation, temperature and pressure in the ion drift tube are assumed to be constant; thus, minimal effects are expected on the spectra. Only the flow effect was examined. Flow can be introduced parallel with the negative-ion drift direction (forward flow) or from the opposite direction (counterflow). Figure 6 shows the effect of flow direction on the negative-ion peak. Counterflow not only slows down ion drift time but also increases peak amplitude. The changes are certainly not caused simply by the gas flow rate (180 cm 3 /min) but most likely are due to the initial position of the ions, because the small drift time shift (≈ 0.94 ms) corresponds to a distance of 0.36 cm. The amplitude increase may be due to increased ion concentration in the ionization cell. Figure 7 shows the effect due to plugged flow, created by plugging the flow outlet while introducing 200 cm 3 /min counterflow of dry nitrogen. Increased drift time and broadening of the peak were observed, which may be attributed to a slight increase in pressure that led to increased ion diffusion time. Figure 7 . Effect of flow on negative-ion peak.
Moisture Interference
The presence of water vapor in the IMS sensor tends to degrade the ion spectrum. Figure 8 shows the extent of degradation of the NO 2 ion spectra of gas mixtures that contain various water vapor concentrations. In most cases, we found that the ion spectrum was completely masked by noise when the vapor content exceeded 1%. Therefore, a method to reduce the noise is necessary for practical applications. Two techniques were examined for removing moisture from the gas stream. One, based on the thermoelectric Peltier effect, condenses water vapor before the gas enters the sensor. Figure 9 shows three ion spectra obtained when vapor-saturated gas was passing through the cold side of a Peltier plate at the indicated temperatures. The spectra show that, as temperature decreases, the signal-to-noise ratio improves and the delay time of the peak decreases. The changes in delay time suggest that the size of a water cluster may be reduced as temperature decreases. In the other technique, a polymer membrane (Nafion® tube) is used to separate water moisture from the gas stream. Nafion tubing consists of Teflon with sulfuric acid groups interspersed within it. Because the affinity of sulfuric acid for water is very high, Nafion tubing absorbs water. The absorbed water then diffuses through the tubing, depending on the difference of the water vapor pressure across the tubing. To demonstrate this function, we pass nitrogen gas with ≈1% water vapor inside the Nafion tubing and dry nitrogen outside the tubing. Figure 10 shows the difference in the two ion spectra. Use of Nafion tubing in front of the ionization cell, indeed, can recover the ion peak. Time (ms) Figure 9 . Negative-ion peaks detected by controlling carrier-gas temperature. Dried by Nafion Figure 10 . Negative-ion spectra of nitrogen gas before and after water vapor flow passed through a Nafion tube.
Ion Chemistry
Dry nitrogen does not produce negative ions under either corona or spark discharge. However, if oxygen is present in the ionization cell, negative O 2 − or O 3 − and NO 2 − may be produced. As one introduces NO x into the cell, both NO − and NO 2 − will be produced, with the latter dominant, based on the larger electron affinity of NO 2 . Figure 11 shows the spectra of three nitrogen/NO x mixtures. Both peak amplitude and drift time increased with NO x concentration. The results suggest that the spark-discharge mode of operation may be used to quantify NO x concentration by measuring the peak amplitude and drift time.
Based on electron affinity, one expects to detect negative O 2 − , O 3 − , and SO 2 − ions when simulated exhaust gas is used as the carrier gas. However, because of poor resolution, current IMS detected only one broad peak at a relatively high drift time. Figure 12 shows the ion spectrum of the simulated exhaust gas and a spectrum of a mixture that contained 83 ppm NO 2 . The presence of NO 2 shifts the peak to a lower drift time, suggesting the presence of NO 2 − . Amplitude, V
Time, ms
Simulated exhaust gas Simulated exhaust gas with 83 ppm NO2 Figure 12 . Negative-ion spectra for zero and 83 ppm NO 2 in simulated exhaust gas.
When He gas was used as the carrier gas, we detected a large ion peak at ≈7 ms drift time. The peak is believed to be He - [22] . Because the electron binding energy of He (0.076 eV) is low, it tends to lose an electron to NO x through ion-molecule interaction. In Fig. 13 , which shows the spectra of NO x /N 2 /He mixtures, we find that, as NO x increases, the peak amplitude decreases but the drift time increases. This finding supports the fact that when He is the carrier gas, the primary reaction is the charge exchange between He -and NO x . We also examined the use of argon gas (Ar) as the carrier gas. It is known that Ar does not form negative ion [22] . Thus, when Ar is the carrier gas, the only possible reaction upon introduction of NO x will be direct electron attachment. Figure 14 shows the spectra of three NO x /N 2 /Ar mixtures; indeed, no peak was detected with pure Ar gas and a broad peak at high drift time was measured when NO x was introduced. The high drift time may be due to the large collision cross section between NO x and Ar.
NO x Detection
The IMS sensors we have developed uses a spark-discharge ionization source and operates in negative-ion mode under ambient conditions. Although only one peak can be resolved for NO x regardless of the composition of NO x and carrier gas used, the sensor we developed can provide a quantitative measure of NO x . The NO x measurement can be based on changes of peak amplitude, drift time, or discharge current. Among the three, drift time variation is relatively small. Figure 15 shows the ion spectra of various NO x concentrations. As shown in Fig. 15 , the amplitude change provides better sensitivity in NO x . Figure 16 shows peak amplitude as a function of NO 2 concentration, measured with dry nitrogen as the carrier gas. When simulated exhaust gas was used as the carrier gas, the NO x − peak amplitude, as shown in Fig. 17 , also increased with NO x concentration. In both cases, the estimated accuracy is 10%.
In the spark-discharge mode, the current passing from the needle to the shell surface is relatively high (>0.6 mA with -3.6 kV applied voltage). The measured current is primarily due to electron flow. When NO x gas is introduced, a portion of the electrons will interact with NO x molecules and thus reduce the current. Figure 18 shows the changes of spark-discharge current for various NO 2 concentrations. A linear dependence with negative slope is measured. Figure 18 . Spark-discharge current vs. NO 2 concentration.
Status and Proposed Future Development
The targeted real-time NO x emission sensor must give a fast response and demonstrate high sensitivity to NO x emissions in the range of 1-100 ppm. The sensor must be able to function under an ARES engine exhaust environment that is typically at high temperature and contains more than 10% moisture. The status ANL's IMS NO x sensor is outlined below:
• A nonradioactive spark-discharge ionization source was successfully developed and demonstrated; • A laboratory prototype was built and tested. Negative NO 2 ions are the primary ions detected in the two carrier gas streams, dry nitrogen and simulated exhaust gas;
• Negative-ion current intensity can be correlated with both NO 2 and NO x concentrations up to 200 ppm with high sensitivity and linear dependence; and • The effect of water vapor on IMS spectra and methods to reduce the effect were examined.
The laboratory laboratory takes 80 ms to complete a sweep. Typically, on average, over 100 sweeps are required to resolve a spectrum; thus, the present IMS sensor can produce a measurement in less than ten seconds, depending on the speed of the data acquisition system. However, the present prototype is not ready for field applications because
• Its ion drift tube is cumbersome to build (40 resistors in series);
• Its sensitivity varies with gas composition, especially the presence of moisture and particulate matter (PM);
• The signal-to-noise ratio may be affected by the sensing environment, especially mechanical vibration;
• The control system consists of expensive laboratory electronic equipment; • The cost is still high.
To overcome the aforementioned drawbacks, we propose the following developments.
Design of a High-Temperature Drift Tube
Design of the drift tube is critical to the performance of the IMS sensor. A uniform electrical field is essential to the ion trajectory. The currently used typical arrangement relies on a series of resistors of equal value to separate the metal rings that surround the glass or ceramic tube, and the current design, in addition to its complexity in fabrication, cannot be applied to hightemperature environments because of the resistors. Therefore, the proposed research will evaluate various materials, such as conductive ceramics or composites, which can behave as a high-resistance conductors at high temperatures. An ion drift tube made of such a material will not require resistors to establish a uniform field; thus, the design will be simplified and the cost reduced. Conductive polymer tubes are commercially available (e.g., Vespel SP-22 by DuPont).
Use of a conductive polymer to establish a uniform DC field has been demonstrated in a time-offlight mass spectrometer design [23] , however, such polymers may have an upper temperature limit (<300°C). Therefore, for operation at higher temperature, it may be necessary to use conductive ceramics that generally decrease resistance as temperature increases.
Design of the Front-End Gas Sampling System
Although the corona/spark-discharge IMS sensor, when operated in negative-ion mode, responds primarily to NO x , the presence of moisture and PM will shift the drift time and reduce the amplitude. We also found that more averages are needed because of poor S/N ratio. To improve performance, we propose to develop a gas sampling system that will condition the exhaust gas for the sensor. Design of the system will be based on two concepts. One is the use of Nafion tubing to remove the moisture from the exhaust gas, the other is the use of another stage of corona discharge ionization to remove positive ions that are mostly water and PM clusters.
Design of an Integrated Electronic Package
The control electronics have been partially designed. We need to add to the present electronics a band-passed charge amplifier (to eliminate vibration noise), and the data acquisition and analysis µ processor.
Design of a Low-Cost NO x Sensor
Based on the correlation between the spark-discharge current and NO x concentration, a low-cost NO x sensor can be built. However, additional research is needed to establish the required ion equilibrium conditions inside the discharge source so a constant current can be established for each NO x concentration.
ACOUSTIC NATURAL-GAS SENSOR
The typical fuel gas composition of a natural-gas reciprocating engine consists of 82-96% methane, 2-7% ethane, 0.4-1.1% propane, and up to 0.6% higher hydrocarbons. To optimize combustion efficiency and reduce NO x emissions one needs to control the fuel input to the natural-gas combustion engine. Such control requires real-time measurement of mass flow rate and gas composition; real-time measurement, in turn, requires a sensor with a fast response and quick recovery time. Semiconductor sensors [24] generally cannot fulfill the requirements. Acoustic gas sensors that use airborne sound properties [25] have been investigated for potential industrial online gas analysis. The typical properties that are measured by these sensors are sound speed and attenuation. The advantages of an acoustic sensor are fast response, robustness, and low cost; the drawbacks are poor sensitivity and applicability primarily to binary gas mixtures. The development under this project focused on acoustic methods to measure intake gas composition.
Phenomenological Model
For a binary gas mixture, a simple sound velocity measurement can determine the composition. But for multicomponent gas mixtures, additional independent measurements are required. The additional measurement could be the attenuation, even though acoustic attenuation is generally related to velocity dispersion and can be derived from phase velocity through Kramers-Krong relationships [26] . But, in practice, one can only measure phase velocity or attenuation over a finite frequency range. Therefore, sound velocity and attenuation may be considered two independent parameters. Thus, assuming that sound velocity and attenuation are independent parameters, we developed a phenomenological model. The measured sound velocity (V) in a gas is pressure dependent, can be related to a second virial coefficient, and can be given by [27] 
where p is pressure, ß is a function of the second virial coefficient of the gas, R is the gas constant, T is the absolute temperature, and V i is the ideal-gas sound velocity given by
where γ is heat capacity ratio and M is the molecular weight of the gas. For a gas mixture such as natural gas, sound velocity at a given temperature and pressure, in principle, can be calculated from
where β is a small variable that depends on the second virial coefficient of the gas, φ i is the volume fraction of the gas constituent i, and
. Because a typical natural gas contains more than 90% methane, one may approximate the sound velocity of the natural gas by the simple combination of the constituents' sound velocities, given as
The sound velocity calculated from Eq. 6 differs slightly (<10%) from the direct linear combination of individual sound velocities, Eq. 7. Table 2 lists some of the parameters of nitrogen and of the three major constituents of natural gas. Note that sound velocity of methane is ≈25% higher than the velocity of other gases, which provides good sensitivity when monitoring methane concentration. Acoustic attenuation (α) in a gas under isentropic conditions, primarily the result of effects due to viscosity drag and heat conduction, is commonly referred to as classical attenuation α cl , expressed in Eq. 8 in terms of a dimensionless µ cl (= α cl λ, where λ is wavelength) and frequency over pressure, f/p:
where C P is the heat capacity at constant pressure of the gas; and η, η′, γ, and κ are shear viscosity, bulk viscosity, heat capacity ratio, and thermal conductivity of the gas respectively. The expression clearly shows that the dimensionless attenuation increases monotonically with f/p. Rigorously, acoustic attenuation in a gas mixture can be calculated from Eq. 9 with linearly combined individual physical parameters, as was done in Eq. 6. With <10% ethane and other hydrocarbons, the attenuation in a natural gas may be estimated from Eq. 9.
where f is the frequency of the ultrasound. The attenuation calculated by Eq. 9 is slightly overestimated.
The classical attenuation in an atomic gas, such as rare gases, represents the total energy absorbed by the gas. But for gases of molecules that contain more than one atom, other degrees of freedom are present that will absorb energy and provide more attenuation. These degrees of freedom, due to transitions of internal states of the molecule, involve mainly vibrational and rotational states when acoustic waves propagate in the gas. Typically, molecules will absorb the acoustic energy and return the energy later in the wave cycle. The phenomenon is called acoustic relaxation [28] , which is an irreversible thermodynamic process that transfers energy from the translational mode of motion to the internal modes of the molecule, or to the potential energy of some structural rearrangement. This energy, being absorbed by the gas molecules, reaches its highest value per period when the length of a period approximately equals the time required to achieve equilibrium. Therefore, for different polyatomic molecules there exist different acoustic relaxation spectra [29] which may be used to identify gas molecules.
In principle, the acoustic relaxation problem can be solved by irreversible thermodynamics, kinetic theory, or statistical mechanics. The latter two require rigorous analysis based on collision dynamics and quantum mechanics, and, for most cases, become an insurmountable problem. Irreversible thermodynamics has been thoroughly examined [30] and verified by measurements. The theory generates phenomenological expressions for acoustic attenuation (Eq. 10) under irreversible relaxation processes:
Here, C o is the isentropic sound speed, µ R is the dimensionless attenuation due to relaxation, ε is the relaxation strength, and τ PS and τ VS are the adiabatic relaxation times at constant pressure and volume, respectively. From Eq. 11, one can derive the maximum attenuation.
which occurs at
In general, relaxation time is inversely proportional to pressure. Hence, attenuation data are normally plotted as µ vs. f/p. By combining Eqs. 10-12, we obtain
Both µ max and (f/p) max can be obtained from measurements, for example, the relaxation peak for methane was reported f/p = 0.2 MHz/atm [31, 32] . The total acoustic attenuation of a gas is then the sum of classical and relaxation attenuation.
Sensor Design and Experiments
The basic design of the prototype acoustic gas sensor consists of a pair of air-coupled transducers mounted face-to-face in a hermetically sealed chamber. The separation between the transducers is ≈3.986 cm, determined by measuring the speed-of-sound in dry nitrogen. Figure 19 shows a schematic diagram of the laboratory setup for sensor evaluation. Temperature and pressure inside the chamber were also measured during the tests. The sensor operates in pitch-catch mode. Gated sine waves of a fixed frequency (0.1 -0.5 MHz) were used to excite the transmitter. Because a narrow flow channel was used, the receiver detected multiple reflections. The echo train was analyzed for variations in amplitude and time-of-flight, from which attenuation and speed of sound were determined. Two types of transducers were tested, 0.5 MHz (Etalon, a Division of Piezo Technologies) and 0.2 MHz (AT-200 by AIRMAR Technology Corporation).
Sensor tests were conducted with pure methane, ethane, propane, nitrogen, and their mixtures.
To measure relaxation peaks, we conducted the tests with a range of f/p, which was achieved by either varying the gas pressure or changing the wave frequency. The pressure tests were performed either by establishing an equilibrium pressure or by continuous pressure decay from high pressure to ambient. The frequency change was somewhat limited because the same set of transducers was used. The accessible frequencies were determined from their signal-to-noise ratios. Figure 20 shows a typical pulse train detected by the receiver. A peak detector was used to locate the peak maxima and their amplitudes. The time difference of two consecutive peaks corresponds to the transit time over a distance of two times the transducer separation; thus, it determines the sound velocity. The decay of the peak amplitude was fit with an exponential decay function, from which the attenuation was determined. 
Results and Discussion
A recent theoretical prediction [33] and experimental measurement [34] of relaxation spectra of methane show a peak near f/p = 0.1 MHz/atm. The peak shifts its position when a second gas such as nitrogen is introduced. Inasmuch as our goal is to develop a natural-gas sensor, our tests focused on variations in acoustic properties over a range of f/p that covered the resonance peak of methane. Therefore, the results given in this section include the speed of sound and attenuation of natural-gas mixtures in the region of f/p < 0.5 MHz/atm. Figure 21 shows pressure-dependent sound velocities for nitrogen, methane, ethane, and propane. Sound velocity at each pressure was also measured with various ultrasonic frequencies (170-470 kHz). Very little velocity dispersion was measured over the tested frequency range. But, it should be noted that the measured sound velocities are, indeed, pressure dependent even though the dependency is very small. For dry nitrogen, we obtain a slope of 0.00004 (or β = -0.00004) as compared with the reported virial coefficient -0.000057 given in Table 2 . But, for methane, ethane, and propane, the pressure dependency is nonlinear. However, the pressuredependent coefficients (β) can be deduced from parts of the curves. The β for methane at a pressure <2 atm is a negative value, which is the opposite of the reported value given in Table 2 .
Speed of Sound
But positive values can be deduced for ethane and propane.
For binary gas mixtures, changes in the speed of sound (SoS) can be used to determine the gas composition, especially, when the difference between the SoS of two gases is large. The technique has been demonstrated and optimized in a recently developed helium leak detector [35] . In Fig. 22 , we show the SoS variations for three binary gas mixtures of methane. Along with the data, we also plot the calculated SoS changes from Eqs. 6 and 7. Equation 6 shows a better fit to the ethane/methane data whereas Eq. 7 gives a perfect fit to the propane/methane data. The nitrogen/methane data, taken with f/p = 0.49 MHz/atm, deviate from both calculated values in the region of 20-40% methane. However, Eq. 7 can be used to monitor natural-gas composition that contains >90% methane. The estimated resolution for ethane/methane mixtures is ≈1% composition change, which corresponds to 1 m/sec of SoS change. Speed of Sound, m/sec Percent Propane in Methane Figure 22 . Speed of sound for binary gas mixtures. 
CONCLUSIONS
We have completed the laboratory development of two sensors: the IMS NO x sensor and the acoustic natural-gas sensor. Both sensors have been tested for their detection capabilities. The IMS sensor, using a spark-discharge ionization source, enables detection of NO x based on changes in the IMS peak amplitude. The sensor responds to NO x in various carrier gases and exhibits a sensitivity of ≈5 ppm and a linear dependence of up to 200 ppm. The moisture effect and methods to reduce it were examined and discussed. Design of a field sensor was also suggested.
The acoustic natural-gas sensor is a low-cost and robust sensor for inline application. We have demonstrated that the sensor can detect changes in binary-gas composition by measuring changes in either the SoS or acoustic attenuation. By combining the two measurements, one can determine the composition of a natural gas that contains multiple components. However, further development is needed to determine the sensitivity and reproducibility. At present, we believe the sensor can determine the percent of ethane or nitrogen in methane, but the percent of propane in methane may be difficult to determine.
